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Sumnary 

Using the cons t ra in ts  imposed by observations on deep 
seated (ca. 30 km) zones o f  d u c t i l e  shear displacement, an attempt 
i s  made t o  def ine a p re l im inary  model f o r  the i n i t i a t i o n  and growth 
o f  major d u c t i l e  displacements from the i n i t i a l  e l a s t i c  stage t o  
a steady s ta te  con f i gu ra t i on  i n  which g ra in  s ize  reduct ion i s  a 
s i g n i f i c a n t  f ac to r .  Both t heo re t i ca l  and observational c r i t e r i a  
are cons is tent  w i t h  a s i g n i f i c a n t  change o f  w id th  w i t h  depth. 

In t roduc t ion  

The recogn i t ion  o f  l i n e a r  zones, both v e r t i c a l  and 
inc l ined,  o f  h igh d u c t i l e  s t r a i ns  i n  Precambrian sh ie l d  areas as 
the deeper tec ton ic  expression o f  major f a u l t  and t h r u s t  zones has 
g r e a t l y  improved our understanding o f  Precambrian h i s t o r y  and 
tectonics.  
standing o f  l a rge  scale displacement processes i n  general i s  equal ly  
great  but  i s  as y e t  l a r g e l y  unreal ised.  
major d u c t i l e  shear zones, although s u f f i c i e n t  t o  a l low some general 
statements t o  be made, r e f l e c t s  the lack o f  de ta i l ed  f i e l d  
inves t iga t ions  on a v a r i e t y  o f  such zones which must sure ly  be a 
p r i o r i t y  f o r  f u t u r e  research. 
t o  present a p re l im inary  general model o f  a major c rus ta l  displacement 
zone. Such a model should incorporate data and cons t ra in ts  from four 
p r i n c i p a l  research areas (i) surface and seismic observations o f  
neotectonic displacements, ( i i )  observations on f o s s i l  displacements 
eroded t o  depths o f  up t o  ca. 30 km, (iii) theo re t i ca l  and experimental 
studies o f  rock deformation, ( i v )  c rus ta l  and l i t hosphe r i c  s t ress 
analys is  o f  major displacements. 

A p r i n c i p a l  ob jec t i ve  o f  such a model i s  t o  h i g h l i g h t  
c r i t i c a l  de f i c i enc ies  o f  data o r  theory i n  any o f  the con t r i bu t i ng  
research areas and thus t o  de f ine  ta rge ts  f o r  f u t u r e  research. 
I n  p a r t i c u l a r  I am concerned t o  use the  general statements which 
can be made about d u c t i l e  shear zones t o  a s s i s t  i n  de f i n i ng  the 
ob jec t i ves  f o r  f u t u r e  f i e l d  work on such zones. 

I D u c t i l e  Shear Zones - General Statement 

Large shear zones usua l l y  are e a s i l y  recognised, and 
t h e i r  l i m i t s  and sense o f  r e l a t i v e  displacement are e a s i l y  defined. 
The amounts o f  s t r a i n  and displacement are less  e a s i l y  def ined but  
methods are ava i l ab le  which a l l ow  reasonable est imates t o  be made 
if s u f f i c i e n t l y  de ta i l ed  f i e l d  work i s  c a r r i e d  out.  No methods are 
ava i l ab le  which would a l low estimates o f  r a tes  o f  s t r a i n  and 
displacement t o  be made, and the t im ing  o f  movements requi res a 
b e t t e r  understanding o f  isotope behaviour than i s  c u r r e n t l y  ava i lab le .  

The po ten t i a l  o f  these zones f o r  advancing our under- 

Our present knowledge o f  

The purpose o f  t h i s  con t r i bu t i on  i s  
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Even the most s t ra ight forward inves t iga t ion  o f  major 
shear zones i s  complicated by the f a c t  t h a t  the present erosion 
l eve l  i s  l i k e l y  t o  have represented a range o f  tec ton ic  leve ls  
dur ing the ac t i ve  l i f e  o f  the shear zone because o f  a )  continued 
displacement dur ing u p l i f t  and erosion, and b) renewed a c t i v i t y  
dur ing l a t e r  times. Bearing these problems i n  mind, the fo l low ing  
general isat ions seem reasonable f o r  shear zones developing under 
amphibol i te fac ies condi t ions i n  gneisses:- 

( 5 )  Shear zones from 0.5 t o  40 km i n  width have boundary regions 
which are narrow r e l a t i v e  t o  the t o t a l  width, i n  cont rast  
t o  sma l l  shear zones which usua l l y  have gradational boundaries. 
Zones w i t h  extreme gra in  s ize  reduct ion (mylonites) are 
exceptional i n  having sharp boundaries i r r espec t i ve  o f  scale. 
Except i n  some small shear zones a cen t ra l  region o f  
apparently uniform s t r a i n  i s  present, g iv ing  a cha rac te r i s t i c  
i n f l e x i o n  on the s t r a i n  p r o f i l e  (see Fig. 1). 

Estimates o f  shear s t ra i ns  i n  la rge  shear zones g ive average 
shear s t ra i ns  i n  the region o f  
displacements o f  several tens o f  km i n  the l a r g e r  zones. 

In t racont inenta l  shear zones are s t ress cont ro l led,  as 
opposed t o  k inemat ica l ly  control led,  and appear t o  form 
conjugate sets. 

S ign i f i can t  g ra in  s i ze  reduct ion accompanies the d u c t i l e  
deformation bu t  mylonites are infrequent.  The g ra in  s ize 
reduct ion i s  probably the p r i nc ipa l  cause o f  the s t r a i n  
sof ten ing which al lows progressive s t r a i n  i n  the same zone, 
and rejuvenat ion o f  abandoned displacement zones. 

Var ia t ion  i n  displacement ra tes can lead t o  d u c t i l e  deformation 
o f  pseudotachyl i te bu t  most pseudotachyl i te i s  r e l a t i v e l y  
l a t e  and formed when the tec ton ic  l eve l  o f  the zone has been 
reduced by u p l i f t  and erosion. 

The conjugate arrangement o f  both small and la rge  scale shear 
zones shows t h a t  shear stress must p lay a s i g n i f i c a n t  r o l e  i n  
the i n i t i a t i o n  o f  shear zones. 

( v i i )  Because o f  the change i n  temperature w i t h  depth the widths 
and s t r a i n  p r o f i l e s  f o r  a given r a t e  o f  displacement w i l l  
vary w i t h  depth. The s t r a i n  p r o f i l e  a t  a p a r t i c u l a r  depth 
w i l l  i n t e r a c t  w i t h  s t r a i n  p r o f i l e s  above and below i.e. a 
compa ti b i  1 i ty problem. 

width f o r  the underlying d u c t i l e  region are u n l i k e l y  t o  be 
correct .  

The deformation geometry i s  approximately t h a t  o f  simple shear. 

( i i )  
= 4 t o  6, corresponding t o  

(iii) 

( i v )  

(v )  

( v i )  

” 

( v i i i )  Models o f  the b r i t t l e  displacement leve ls  which assume a zero 

( i x )  
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Any useful model f o r  the duc t i l e  region o f  major 
displacements must, a t  least ,  r e l a te  width, s t r a i n  rate, and s t r a i n  
gradient across the zone, t o  displacement r a t e  - these are most 
eas i l y  represented and compared by reference t o  a s t r a i n  ra te  
p r o f i l e  f o r  a pa r t i cu la r  depth. The model should be able t o  ind icate 
the way i n  which the s t r a i n  ra te  p r o f i l e  changes w i th  depth - i d e a l l y  
f rom the surface t o  the base o f  the l i thosphere. 

A d i s t i n c t i o n  i s  drawn between ( i )  s t r a i n  r a t e  p r o f i l e  
during the i n i t i a t i o n  stage o f  the displacement and ( i i )  the steady 
s ta te  s t r a i n  r a t e  p r o f i l e .  Although both i n i t i a t i o n  and steady 
s ta te  models are discussed, observed s t r a i n  p r o f i l e s  should i d e a l l y  
be the products o f  a steady s ta te  model. 
discussed only  because the steady s ta te  model must be derived from 
it. 

wi th  the fo l lowing character ist ics:-  

(i) transcurrent displacement - there i s  i d e a l l y  no displacement o f  
hor izontal  isotherms and no change i n  c rus ta l  thickness. 

( i i )  kinematic cont ro l  i .e. the or ientat ion,  posi t ion,  d i r ec t i on  and 
r a t e  o f  the displacement i s  determined by the geometry and 
dynamics o f  a la rger  system e.g. the San Andreas f a u l t ,  as 
opposed t o  stress cont ro l led e.g. i n t rap la te  displacements o f  
S.E. Asia. 

The i n i t i a t i o n  model i s  

The most simple rea l  s i t ua t i on  i s  afforded by displacements 

Some res t ra in t s  on s t r a i n  rates can be established by 

5 cm/yr i s  used because i t  i s  convenient and f a l l s  

using only the simplest o f  observational data avai lable t o  us 
i.e. widths o f  Precambrian shear zones and displacement rates on 
act ive fau l ts ;  
w i t h i n  the range o f  comnon displacement rates.  

6.312W 

where e = strain/sec 
D = displacement/yr (cm) 
W = width (km) 

As can be seen from the s t r a i n  ra te  p r o f i l e s  i n  f i g .  2 reasonable 
shff5 zone widths between 8 and 80 km require s t r a i n  ra tes between 
10 and Shear s t ra ins corresponding t o  displacements o f  
200 km are also shown i n  f i g .  2 and these are w i t h in  the range o f  
observed s t ra ins  i n  Precambrian shear zones, although the higher 
s t ra ins are r e s t r i c t e d  t o  narrow be l ts .  The Precambrian examples 
suggest t h a t  a displacement of 200 km i s  un l i ke l y  t o  be accomnodated 
i n  a width o f  less than 20 km and probably appreciably greater. 
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A rectangular strain profile i s  h ighly  unlikely of 
course, and inadequate even for the limited purpose of defining 
a preliminary model. 

I11 Ini t ial  Profile Model 

An improvement on the rectangular profiles might  be 
obtained i f  two assumptions are made:- 

( i )  that displacement a t  a l l  tectonic levels i s  in i t i a l ly  
accommodated by e las t ic  strains 

( i i )  t h a t  the stress distribution characteristic of the e las t ic  
displacement controls the in i t i a l  ductile strains. 

No convincing model exists for the in i t i a l  e las t ic  
s train profile b u t  Turcotte and Spence (1974) give a stress function 
for the e las t ic  region of a simple lithospheric faul t  model. 

p = -  
fl GA 

cosh (:I [(sin, 2 f l y  - + sinh2 y)" ] -' 
2b 2b 2b 

where = stress across the faul t  
y = distance from faul t  
b = thickness of lithospheric plate 
a = thickness of e las t ic  region 
G = shear modulus 
A = faul t  lgngth  

Although the model for  which th is  equation is  derived i s  n o t  a rea l is t ic  
one, th is  is  n o t  too important so long as i t  i s  used simply t o  derive 
a range of stress profiles t o  ass i s t  i n  defining the characteristics 
of a stress profile which meets the observational requirements. A range 
o f  profiles derived by varying a are shown i n  f ig .  3, i n  which the 
ordinate represents either linear stress,  or  linear e las t ic  strain or  
s train rate. The profiles have been adjusted t o  represent a constant 
displacement, and e calibrated for this  displacement t o  represent 
5 cm/yr. 
and represent annual hcrements. The internal consistency of each 
profile depends only on G ( n o t  corrected for pressure) and i s  
independent of the stress function equation. 

strain would eventually be relieved by ductile s train.  
rate profiles derived from the stress profile of F ig .  3 are shown i n  
F ig .  4. The ductile strain rate i s  assumed t o  vary logarithmically 
w i t h  s tress,  and the profiles a l l  adjusted t o  represent a displacement 
of 5 cm/yr. 

Curves A-D have reasonable widths and strain rates b u t  the 
profiles are unlike those observed i n  a t  least  one important  respect 
i.e. the absence of a central zone of relatively constant strain and 
the dominance of the boundary zpjgs. 

The values of stress are derived from e ( G  = 3 x 10" dynlcm ) 

The increase i n  s tress consequent on the increasing e las t ic  
Ductile strain/ 
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I V  Growth Node1 

A ser ious shortcoming o f  t h e  prev ious model was t h e  
i m p l i c i t  assumption t h a t  t h e  t r a n s i t i o n  from e l a s t i c  t o  d u c t i l e  
s t r a i n  i s  e f f e c t i v e l y  instantaneous throughout the  w id th  o f  the  
shear zone. That t h i s  cannot be so i s  ev iden t  from the  f a c t  t h a t  
t h e  maximum annual increment of s t ress  i s  about 1 bar  and 
s i g n i f i c a n t  r a t e s  o f  d u c t i l e  s t r a i n  would requi re,  say, a t  l e a s t  
20 bars i .e .  some tens of years a r e  requ i red  be fore  the  d isp lace-  
ment i s  accommodated by d u c t i l e  as opposed t o  e l a s t i c  s t r a i n .  

s t r a i n  r a t e  a r e  g iven by White (1975). Th is  data i s  f o r  quar tz  
o n l y  b u t  can be used t o  i n v e s t i g a t e  t h e  c h a r a c t e r i s t i c s  o f  growth 
curves f o r  d u c t i l e  s t r a i n  r a t e  so l ong  as i t  i s  borne i n  mind 
t h a t  the  r e s u l t s  a r e  o f  q u a l i t a t i v e  value o n l y  when app l i ed  t o  
rocks. The i n i t i a l  d u c t i l e  s t r a i n s  i n  amphibo l i te  facies gneisses 
o f  normal g r a i n  s i z e  w i l l  be accommodated by a d i s l o c a t i o n  creep 
mechanism, t h e  c o n s t i t u t i v e  equat ion f o r  which i s  g iven by White 
(op. c i t . ) .  

Theore t ica l  r e l a t i o n s h i p s  between s t ress  and d u c t i l e  

e =  
k T  

where A = Dorn parameter C = d i f f e r e n t i a l  s t ress  
Dv = l a t t i c e  d i f f u s i v i t y  G = shear modulus 

I on, 
b = Burgers vec to r  
n = constant  

I =  h 
k = Boltzman constant  

A cons tant  temperature o f  600'. a constant  g r a i n  s i z e  o f  
1 m/m and a value o f  4 f o r  n (Rut ter ,  1975) w i l l  be used. The 
r e l a t i o n s h i p  between s t r e s s  and 6 w i l l  be t h a t  shown i n  F ig .  5, 
which i s  der ived f rom White (op. c i t . ) ,  F ig .  7. 

A growth model can then be constructed from annual 
increments o f  s t ress,  by t a k i n g  t h e  t o t a l  s t r a i n  r a t e  as f i x e d  a t  
any p o i n t  w i t h i n  t h e  zone. 

C i  = G. 2(6e(l)- gd (i-l) ) 3.1536.107 

Where = s t ress  increase i n  yea r  i 
= e l a s t i c  s t r a i n  r a t e  i n  f i r s t  yea r  

= d u c t i l e  s t r a i n  r a t e  i n  year  ( i - 1)  
'e(1) 

ed( i-1) 
. 

The d u c t i l e  s t r a i n  r a t e  i s  obta ined from 

e d ( i )  = ( f )  $=l(i-l) 
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No further increase i n  s t r e s s  occurs when the s t r e s s  
has reached a level a t  wh ich  the strain i s  wholly duct i le .  
simply, e l a s t i c  s t r a i n  i s  a mechanism for ' s tor ing '  stress and 
duc t i le  s t r a i n  a mechanism f o r  relieving s t r e s s .  
s t r a in  is necessary f o r  the steady s t a t e  t o  be achieved. A steady 
s t a t e  i.e. constant stress, will f i r s t  be achieved i n  the centre of 
the zone and spread outwards as shown i n  Figs. 6 and 7. The number 
of years given i n  these figures are included only f o r  comparative 
purposes and cannot be taken l i t e r a l l y  because the deformation data 
used i s  f o r  quartz only. 

growth stages when compared w i t h  the o r ig ina l  p rof i les  from 
which they a r e  derived. The stage a t  wh ich  the growth prof i le  
reaches a steady state will depend on the precise relationship 
between s t r e s s  and dislocation creep r a t e s  f o r  the par t icular  rock. 
The s t r a i n  r a t e  profile f o r  the 100 year stage f o r  prof i le .  
H is given i n  Fig.  8 and calibrated t o  a displacement r a t e  of 
5 cmlyr. 
shear zones b u t  we have t o  look t o  some mechanism which allows 
the growth t o  stop a t  this  o r  some other intermediate stage. 
If growthofthe s t r e s s  prof i le  continues to  completion the f ina l  
duc t i le  s t r a i n  prof i le  will rep l ica te  the e l a s t i c  s t r a in  prof i le  
from which i t  developed. 

intermediate stage as the steady s t a t e  prof i le  i s  l i ke ly  t o  be 
change i n  grain size. 

V Growth Model w i t h  Change i n  Grain Size 

the phenomenon whereby successive s t r a in  increments a r e  added a t  the 
s i t e s  of e a r l i e r  increments even i n  homogeneous rocks where l inear  
s t r e s s  concentrations appear t o  be unlikely. T h i s  phenomenon was 
appropriately named ' s t r a in  softening' by Ramsay and Graham (1969). 
One explanation 1 ies i n  the formation of stress concentrations around 
an original  nuclear s t r a in  w i t h  subsequent development comparable w i t h  
t ha t  of a crack. T h i s  explanation i s  l e s s  sui table  f o r  'long term 
s t r a in  softening' which allows reactivation of major shear zones a f t e r  
lengthy periods of quiescence, although this too could be interpreted 
i n  terms of s t r e s s  concentrations a t  the base of the b r i t t l e  f a u l t  i n  
the uppermost 15-20 km of the lithosphere. 

f o r  both  short  and long term s t r a i n  softening is grain s i ze  reduction. 
Deformation by dislocation creep i s  accompanied by grain size 
reduction due t o  sub grain formation. 
be counteracted by kinematic grain recovery processes, the r a t e  of 
which is stress controlled. In amphibolite facies  gneisses the net 
e f fec t  i s  usually a reduction i n  grain s ize ,  an example of which i s  
i l l u s t r a t ed  i n  Fig .  9. The grain s i ze  d i s t r ibu t ions  i l l u s t r a t ed  i n  
F ig .  9 a r e  f o r  t o n a l i t i c  gneisses within and bordering the shear zone 
of Fig .  1 ( a )  where the position of the  samples i s  indicated. 
The reduction i n  grain s i ze  i s  overall about 1.50. 

P u t  

A constant e l a s t i c  

Figs.  6 and 7 show s ign i f ican t  changes during the 

T h i s  p rof i le  i s  beginning t o  resemble tha t  of natural 

The fac tor  which would allow the adoption of a n  

An obvious b u t  remarkable feature  of shear zones i s  

An a l te rna t ive ,  o r  possibly addit ional,  mechanism 

This will t o  a cer ta in  extent 
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A1 though s t r a i n  ra tes  a re  independent o f  g r a i n  s i z e  
w i t h  d i s l o c a t i o n  mechanisms, t h i s  i s  n o t  so f o r  t h e  d i f f u s i o n  
mechanisms as can be seen f o r  t he  c o n s t i t u t i v e  equation f o r  
d i f f u s i o n a l  creep (White 1975). 

(1 + TD; 21 Dv V 

k T  d2 
e =  

where Db = g r a i n  boundary d i f f u s i v i t y  
V = a c t i v a t i o n  volume 
d = g r a i n  diameter 
4 = g r a i n  boundary w id th  

The e f f e c t  o f  g r a i n  s i z e  v a r i a t i o n  i s  i l l u s t r a t e d  i n  F ig.  10 which 
shows the  displacement i n  a shear zone 8 =  4, w i t h  no s t ress  
grad ient  bu t  a g r a i n  s i z e  v a r i a t i o n  of 1.50, under cond i t ions  where a l l  
t he  displacement i s  accomnodated by Nabarro-Herring creep. This type o f  
s t r a i n  v a r i a t i o n  occurs i n  some small shear zones bu t  i s  u n l i k e  t h a t  o f  
l a rge  ones. The e f f e c t  o f  g r a i n  s i z e  v a r i a t i o n  o f  t he  amount shown 
i n  F ig.  9 would be t o  increase the  Nabarro-Herring creep r a t e  i n  the  
cent re  byla f a c t o r  o f  8 r e l a t i v e  t o  the  margin. 
where e the  f a c t o r  i s  23. No simple r e l a t i o n s h i p  i s  t o  be 
expected between s t r a i n  p r o f i l e  and g r a i n  s i z e  because the s t r a i n  
i s  t he  product o f  both d i s l o c a t i o n  creep which establ ishes the  g r a i n  
size, and o f  d i f f u s i o n a l  creep t h e  r a t e  o f  which i s  s t rong ly  in f luenced 
by it. 

What would be t h e  e f f e c t  o f  g r a i n  s i z e  reduct ion  on the  
growth o f  t he  s t r a i n  r a t e  p r o f i l e  F ig .  81 The establ ishment o f  a 
steady s t a t e  s t ress  and d i s l o c a t i o n  creep r a t e  i n  the  cent re  o f  t he  zone, 
i f  accompanied o r  fo l lowed by g r a i n  s i z e  reduct ion, would be modi f ied 
by an increase i n  t o t a l  s t r a i n  r a t e  a t  constant s t ress  due t o  the  
i n t r o d u c t i o n  o f  a d i f f u s i o n a l  creep component. T h i s d d i t i o n a l  
component would prevent t h e  completion o f  growth p r o f i l e  t o  match the  
o r i g i n a l  e l a s t i c  s t r a i n  r a t e  p r o f i l e  and growth would stop a t  some 
intermediate stage. The e f f e c t  o f  t he  i n t r o d u c t i o n  o f  a d i f f u s i o n a l  
creep component i n t o  the100  year  p r o f i l e  i s  shown i n  Fig. 11 where 
the  maximum g r a i n  s i z e  reduct ion  i s  1.50 and intermediate s izes adjusted 
p r o p o r t i o n a l l y  t o  t h e  st ress.  The more marked the g r a i n  s i z e  reduct ion  i s ,  
t he  steeper i s  t he  s t r a i n  grad ient  developed a t  t he  margin o f  t he  cen t ra l  
p a r t  o f  t he  shear zone.. 

reduct ion  takes p lace a f t e r  about h a l f  t h e  displacement r a t e  i s  
accommodated by d u c t i l e  mechanisms. The r a t e  a t  which g r a i n  s i z e  
reduct ion  i s  e f fec ted  i s  very s i g n i f i c a n t  i n  determining the  s t r a i n  r a t e  
p r o f i l e  b u t  un for tunate ly  no theo re t i ca l  o r  observat ional data i s  now 
ava i l ab le  on which even a r e a l i s t i c  guess can be made. 
d i s t r i b u t i o n s  show i n  F ig.  9 s t rong ly  suggest t h a t  a steady s t a t e  g r a i n  
s i z e  was no t  achieved even i n  the  h i g h l y  s t ra ined  cent re  o f  t he  shear 
zone. Fur ther  work i s  planned on t h i s  top ic .  

For Coble creep 

The p r o f i l e  shown i n  F ig .  8 assumes t h a t  g r a i n  s i z e  

The g r a i n  s i z e  
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The p r o f i l e  shown i n  Fig. 8, which i s  a s t r a i n  r a t e  
p ro f i l e ,  would give r i s e  t o  s t r a i n  p r o f i l e s  s i g n i f i c a n t l y  d i f f e r e n t  
from those shown i n  Fig. 1 and even more d i f f e r e n t  from those 
believed t o  characterise large shear zones. A possible explanation 
l i e s  i n  the p o s s i b i l i t y  o f  s i gn i f i can t  gra in  s ize reduction being 
ef fected before the maximum theoret ica l  stress i s  achieved, and 
preventing fu r ther  stress increase i n  the centre o f  the zone. 
This would have the e f f e c t  o f  f l a t t en ing  the p r o f i l e  i n  the centre 
o f  the zone. I n  the small shear zones shown i n  Figure 1 rocks 
corresponding t o  the f l a t  pa r t  o f  the p r o f i l e  have a very uniform 
gra in  size. 

V I 1  Var ia t ion w i th  Depth (Temperature) 

displacement zones i s  t ha t  w i t h  reduction i n  tectonic leve l  the 
s t r a i n  i s  increasingly concentrated i n  r e l a t i v e l y  zones (see 
Grocott 1977) even though, because o f  the lower temperature, the 
rocks deform less eas i l y  although s t i l l  by d u c t i l e  mechanisms. 
A t  the highest duc t i l e  leve ls  the displacement i s  concentrated i n  
r e l a t i v e l y  narrow mylonite zones, which give way upwards t o  b r i t t l e  
f racture zones w i th  catac las i te  and pseudotachylite. 
have three character ist ics,  each o f  which i s  s i gn i f i can t  i n  terms 
o f  the growth model ( i )  extreme gra in  s ize  reduction; ( i i )  extreme 
s t r a i n  gradients a t  t h e i r  margins; ( i i i )  extreme shear s t ra ins  w i t h in  
the zones. 

centre o f  the zone t o  be wholly accommodated by duc t i l e  s t r a i n  depends 
on the s t ress/duct i le  s t r a i n  r a t e  re la t ionship.  A t  lower temperatures 
higher stressesoare reqgired t o  achieve a given d is locat ion s t r a i n  
ra te  : from 600 t o  300 f o r  1 m/m quartz the d i f ference i s  about 100 
bars f o r  a s t r a i n  r a t e  o f  10-14. 
d is locat ion creep i s  strongly dependant on stress, higher stresses 
producing msal ler  gra in  sizes (White, 1976). The progressively more 
pronounced gra in  s ize reduction w i th  decreasing temperature, and the 
correspondingly greater cont r ibut ion o f  d i f fus iona l  creep (and 
possibly gra in  boundary s l i d i ng )  causes the steady s ta te  p r o f i l e  t o  
be achieved a t  progressively e a r l i e r  stages o f  the growth model 
i.e. r esu l t i ng  i n  narrow deformed zones w i th  abrupt boundaries. 

V I 1  Width v Depth i n  shear zones 

duc t i l e  shear zones. Observational confirmation i s  l i m i t e d  but 
encouraging. 
a c t i v i t y  i s  spread through widths o f  tens o f  kilometres a high 
proport ion o f  the displacement i s  concentrated on s ing le  major f ractures.  
This would be un l i ke l y  i f  the d u c t i l e  shear zone immediately underlying 
the seismic region was several tens o f  kilometres wide, because the 
compat ib i l i t y  problem between duc t i l e  and b r i t t l e  leve ls  would be 
almost insuperable. Mylonites, i .e. rocks fromed a t  the higher leve ls  
o f  duc t i l e  deformation, are characterised by much higher shear s t ra ins 
than the equivalent tecton i tes formed a t  deeper leve ls  i.e. the 
displacement i s  concentrated i n  narrow zones a t  higher levels.  
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An apparently paradoxical charac te r i s t i c  o f  major 

Mylonite zones 

I n  the growth model the t i m e  taken f o r  s t r a i n  i n  the 

Equi l ibr ium gra in  s ize i n  

The growth model pred ic ts  an upwards narrowing o f  major 

I n  major b r i t t l e  f a u l t  zones, although seismic and f a u l t  
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F i n a l l y ,  d e t a i l e d  work on the  Nordre Stramf jord 
shear zone (Bak e t .  a l . ,  1975) has shown t h a t  t he  boundaries o f  
t h i s  t ranscur rent  zone d i p  outwards a t  up t o  20 from the v e r t i c a l  

I f  the  upward narrowing o f  d u c t i l e  displacement 
zones i s  accepted, then the  geometrical consequences must a lso  be 
accepted. O f  these the most s i g n i f i c a n t  i s  t h a t  the deformation 
must depart s i g n i f i c a n t l y  from plane s t r a i n  and the  simple shear model 
i s  no longer an adequate basis f o r  discussion. Complex s t ra ins ,  
espec ia l l y  i n  t he  marginal zones, a r e  i n e v i t a b l e  i f  c o m p a t i b i l i t y  
i s  t o  be maintained between undeformed rocks and the deformed rocks 
i n  a narrowing shear zone. 
adequate s t r a i n  data from l a r g e  shear zones, because i t  i s  n o t  
known whether the  pred ic ted  complex s t r a i n s  occur o r  not .  

This emphasises the  r e l a t i v e  l ack  o f  

VI1 Conclusions , 

cons is ten t  w i t h  many o f  the c h a r a c t e r i s t i c  features o f  
major shear zones and accounts f o r  the change 
w i t h  depth o f  the d u c t i l e  s t r a i n  c h a r a c t e r i s t i c s  and products. 
It i s  emphasised t h a t  the values g iven f o r  s t ress  and t ime a re  
n o t  r e a l i s t i c ,  and a re  given on ly  f o r  comparative purposes. 

The most obvious de f i c ienc ies  o f  t he  model l i e  
i n  the  f o l l o w i n g  areas:- 

The semi - quan t i t a t i ve  growth model described i s  

a s t ress  func t i on  i s  requ i red  which g ives a b e t t e r  
desc r ip t i on  o f  t he  i n i t i a l  e l a s t i c  s t r a i n s  - t h i s  i s  n o t  
regarded as being o f  c r i t i c a l  s ign i f i cance.  
s t r e s s / s t r a i n  r a t e  re la t i onsh ips  For d u c t i l e .  mechanisms 
a re  a v a i l a b l e  o n l y  f o r  quartz, c a l c i t e  and o l i v i n e .  
S t r a i n  maps f o r  fe ldspars and multicomponent mater ia ls  
appear t o  be the most v i t a l  de f i c ienc ies  and a re  u rgen t l y  
requ i red  f o r  an improved model. 
a mathematical ly more soph is t ica ted vers ion  o f  t he  growth 
model would be advantageous b u t  i s  n o t  o f  c r i t i c a l  
s ign i f i cance.  
observat ional  cons t ra in t s  on the model from a c t i v e  f a u l t s  t o  
determine the  w id th  o f  t he  shear zone a t  depth - t h i s  might  
be poss ib le  se i sm ica l l y  by making use o f  the v e l o c i t y  an is t ropy  
due t o  the  t e c t o n i t e  f a b r i c s  developed i n  the  shear zone, 
together  w i t h  continuous seismic r e f l e c t i o n  p r o f i l i n g  o f  
s u i t a b l e  a c t i v e  displacement zones. 
improved observat ional  cons t ra in t s  by examination o f  anc ien t  
shear zones eroded t o  d i f f e r e n t  l e v e l s  t o  determine s t r a i n  
p r o f i l e s ,  and systematic d e t a i l e d  work t o  determine g r a i n  
s i z e  c h a r a c t e r i s t i c s  - t h i s  could lead d i r e c t l y  t o  es tab l i sh-  
ment o f  palaeo s t ress  p r o f i l e s  across displacement zones. 
extension o f  the model i n t o  the  o v e r l y i n g  l e v e l s  o f  b r i t t l e  
deformation - w i t h  an improved model t h i s  might  eventua l ly  be 
poss ib le  on a q u a n t i t a t i v e  basis. 

F i e l d  geo log is ts  need t o  provide much more observat ional 
data o f  a type use fu l  f o r  const ra in ing  the  models o f  t h e i r  geophysical 
and theo re t i ca l  colleagues : a t  present t he  p r i n c i p a l  shortcomings a re  
the l ack  o f  s t r a i n  data, both m o u n t  and type, and g r a i n  s i z e  data across 
major shear zones formed a t  d f f f e r e n t ,  and known, l e v e l s  i n  the c rus t .  
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Text t o  Figures 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

F igure 5 

Figure 6 

F igure 7 

F igure 8 

F igure 9 

Figure 10 

Figure 11 

(a) S t r a i n  p r o f i l e  o f  retrograded s m a l l  symmetrical 
shear zone c u t t i n g  g ranu l i t e  fac ies gneiss, 
I t i v d l e q  Fjord, West Greenland. 
by measurements on l i t h o l o g i c a l  banding o f  the 
gneiss. W, X, Y ,  Z show pos i t i ons  o f  specimens 
f o r  which g ra in  s ize  data i s  given i n  Figure 9. 

S t r a i n  p r o f i l e  o f  retrograded s l i g h t l y  assymnetric 
smal l  shear zone c u t t i n g  g r a n u l i t e  f ac i es  gneiss. 
P r o f i l e  der ived as i n  (a ) .  S to r  p Y  E a s t  Greenland. 

Simplest s t r a i n  r a t e  p r o f i l e s  f o r  poss ib le  d u c t i l e  shear 
zones beneath f a u l t  with displacement r a t e  5 cm/year. 

S t ress /e las t i c  s t r a i n  r a t e  v. d istance from cent re  6 f  
displacement zone f o r  various values o f  a (see t e x t )  
P r o f i l e  A, a = 2: D, a = 5: F, a = 20: H a = 40. 
For displacement 5 cm/yr. 

D u c t i l e  s t r a i n  r a t e  p r o f i l e s  der ived from f i g u r e  3 
assuming logar i thmic  increase i n  s t r a i n  r a t e  w i t h  stress, 
and instantaneous change from e l a s t i c  t o  d u c t i l e  s t ra i n .  

D is loca t ion  creep s t r 8 i n  r a t e  v. s t ress  f o r  quartz, 
1 m/m g ra in  size, 600 , der ived from White (1976), F ig .  7. 

Growth curves f o r  s t ress d i s t r i b u t i o n  dur ing t r a n s i t i o n  
from e l a s t i c  t o  d u c t i l e  s t r a i n ,  f o r  i n i t i a l  s t ress 
d i s t r i b u t i o n  as i n  A, F ig .  3. 

Growth curves f o r  s t ress  d i s t r i b u t i o n  dur ing t r a n s i t i o n  from 
e l a s t i c  t o  d u c t i l e  s t r a i n ,  f o r  i n i t i a l  s t ress d i s t r i b u t i o n  
as i n  H, Fig. 3. 

D is loca t ion  creep s t r a i n  r a t e  p r o f i l e  f o r  100 year growth 
curve o f  Fig.  7. S t r a i n  ra tes  correspond t o  displacement 
5 cm/yr. 

Grain s ize  d i s t r i b u t i o n s  (200-500 grains measured) i n  
gneisses w i t h i n  and adjacent t o  shear zone o f  f i g u r e  
1 (a) where l oca t i on  o f  samples shown. 
(0 = Log2 s i ze  i n  m). 

Displacement pa t t e rn  i n  d u c t i l e  zone deforming by Nabarro- 
Herr ing creep w i t h  equal s t ress across zone, and g ra in  s i ze  
reduct ion o f  1.5 0 from cent re  t o  margin. 

S t r a i n  r a t e  p r o f i l e  derived from 100 year curve o f  Fig. 7, and 
Fig.  8, incorpora t ing  maximum g ra in  s i ze  reduct ion o f  
1.5 0, 
creep processes. 

P r o f i l e  der ived 

(b)  

Shaded area represents con t r i bu t i on  o f  d i f f u s i o n a l  
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FIGURE 2 
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